The objectives of this experiment were to determine interrelationships among mastitis indicators and evaluate the subclinical mastitis detection ability of infrared thermography (IRT) in comparison with the California Mastitis Test (CMT). Somatic cell count (SCC), CMT, and udder skin surface temperature (USST) data were compiled from 62 Brown Swiss dairy cows (days in milk = 117 ± 51, milk yield = 14.7 ± 5.2 kg; mean ± SD). The CORR, REG, and NLIN procedures of Statistical Analysis System (SAS Institute Inc., Cary, NC) were employed to attain interrelationships among mastitis indicators. The diagnostic merit of IRT as an indirect measure of subclinical mastitis was compared with CMT using the receiver operating characteristics curves. The udder skin surface temperature was positively correlated with the CMT score (r = 0.86) and SCC (r = 0.73). There was an exponential increase in SCC (SCC, ×10 3 cells/mL = 22.35 × e 1.31 × CMT score ; R 2 = 0.98) and a linear increase in USST (USST, °C = 33.45 + 1.08 × CMT score; R 2 = 0.75) as the CMT score increased. As SCC increased, USST increased logarithmically [USST, °C = 28.72 + 0.49 × ln(SCC, ×10 3 cells/mL); R 2 = 0.72]. The USST for healthy quarters (SCC ≤400,000 cells/mL; n = 94) was different from that for subclinical mastitic quarters (SCC >400,000 cells/mL; n = 135) (mean ± SE; 33.45 ± 0.09 vs. 35.80 ± 0.08°C). The sensitivity, specificity, positive likelihood ratio, negative likelihood ratio, positive predictive value, and negative predictive value were 95.6, 93.6, 14.97, 0.05, 95.0, and 93.6, respectively, for IRT and 88.9, 98.9, 83.56, 0.11, 99.2, and 86.1, respectively, for CMT. The area under the receiver operating characteristics curve for IRT and CMT was not different. In conclusion, as a noninvasive and quick tool, IRT can be employed for screening subclinical mastitis via measuring USST, with a high predictive diagnostic ability similar to CMT when microbiological culturing is unavailable. However, the reliability of IRT among cows with different characteristics and those living under various environmental conditions remains to be determined.
INTRODUCTION
Mastitis occurs worldwide with a high prevalence and is associated with suppressed milk production; discharged milk; deteriorated milk quality; increased veterinary, drug, and labor costs; shortened longevity; and increased culling rate (Sargeant et al., 1998) . Moreover, it interferes with energy balance and immune potency and consequently leads cows to be prone to metabolic disorders (Rajala-Schultz and Grohn, 1999) . In surveys performed in Brazil (Holanda et al., 2005) and the United States (Erskine et al., 2003) , it was reported that the total annual costs because of mastitis were $126/cow and $45/lactation. Similar figures from many countries are also available in the literature, suggesting that effective mastitis control programs covering its early diagnosis are more prominent than its treatment.
Numerous biomarkers and tests have been proposed to detect subclinical mastitis (Viguier et al., 2009 ). These biomarkers broadly include SCC; milk enzymes such as alkaline phosphatase, aspartate aminotransaminase, N-acetyl-β-d-glucosaminidase, and l-lactate dehydrogenase; milk components such as lactose, protein, fat, minerals (Cl, Ca, and Na), and lactate; milk pH and temperature; acute phase proteins such as milk haptoglobulin and serum amyloid A and C-reactive protein; and others such as plasma β-carotene and ceruloplasmin. The tests to detect subclinical mastitis include electrical conductivity, California Mastitis Test (CMT), Wisconsin Mastitis Test, and Whiteside Test. These tests may not be suitable for field practice because they are subjective and have highly variable pre-dictive ability (Jensen and Knudsen, 1991; Woolford et al., 1998; Bansal et al., 2005; Chagunda et al., 2006) . Infrared thermography (IRT) is a sophisticated technology originally developed for military and industrial purposes (Mazur and Eugeniusz-Herbut, 2006) . It is based on the principle that all objects emit infrared radiation proportional to their temperature according to the Stefan-Boltzmann law via conduction, convection, and radiation. A thermal camera absorbs infrared radiation and generates pictorial images based on the amount of heat generated, without causing radiation exposure (Eddy et al., 2001; Mazur and EugeniuszHerbut, 2006; Kunc et al., 2007) . In general, on a thermograph, the warmest areas appear white or red whereas the coolest regions appear blue or black (Eddy et al., 2001; Colak et al., 2008) .
In several studies, IRT has been employed to detect infectious diseases and monitor welfare status in farm animals (Clark and Cena, 1977; Menesatti et al., 2004; Stewart et al., 2005 Stewart et al., , 2007 Knížková et al., 2007) . Despite lacking specificity for etiology, it provides useful information about presence of pathology (Eddy et al., 2001) , especially for mastitis (Schaefer et al., 2004) . Udder temperature is closely correlated with body temperature in nonmastitic cows (Bitman et al., 1984; Kennedy et al., 2003) . Infrared thermography is shown to be sensitive enough to detect changes in udder skin surface temperature (USST) caused by milking, environmental temperature, and exercise Kennedy et al., 2003) . Udder skin surface temperature changes upon lipopolysaccharide administration (Willard et al., 2007) , suggesting a possibility of early detection of subclinical mastitis using IRT (Barth, 2000; Schaefer et al., 2000; Colak et al., 2008) , which is crucial to treating mastitis early and efficiently. This experiment was conducted to determine interrelationship among mastitis indicators including CMT, SCC, and USST and to examine the ability of IRT to detect subclinical mastitis defined by SCC at 2 cut-offs (above or below both 400,000 cells/mL and 200,000 cells/mL) in comparison with CMT.
MATERIALS AND METHODS

Cows, Management, and Measurements
Sixty-two lactating Brown Swiss dairy cows (DIM = 117 ± 51; milk yield = 14.7 ± 5.2 kg, mean ± SD) from a private farm with a portable milking system were screened for subclinical mastitis. In a free stall barn with straw bedding, cows were milked twice daily and were on a poor feeding program (free choice of wheat straw and haylage plus 1 kg of concentrate/head during each milking).
Written consent from the farmer and official approval from the Atatürk University Ethic Committee on Experimental Animal Use were obtained before the experiment. Rectal temperature and heart and respiration rates were measured 1 d before screening cows for subclinical mastitis. Cows were also subjected to visual examination, rectal and udder palpations (to check swelling, tissue texture, hypersensitivity, and redness), and milk test (to check clot, homogeneity, and color) to identify systemic infections such as digestive and pulmonary diseases, uterine infections, and clinical mastitis. To avoid ambiguous USST data, cows with problems other than subclinical mastitis were treated and excluded from the study.
To minimize interferences of light, humidity, and air flow and to adapt the cows to the same conditions, cows were moved to a room not receiving sunshine with a temperature of 18 to 23°C before milking. After allowing cows to rest for 30 min in this room, USST was measured by IRT (IR FlexCam S, Infrared Solutions Inc., Plymouth, MN) as described by Berry et al. (2003) . Briefly, before each measurement, thermograph resolution was calibrated to room temperature. While the cow was in a standing position, her tail was held away and thermograph scans were directed toward each quarter, lateral to front quarters and caudal to rear quarters between legs, from a distance of 0.5 m.
After USST measurements, foremilk milk (about 10 mL) was discarded before CMT (Schalm and Noorlender, 1957 ) and then milk was sampled for SCC (Bentley IBC-M, Bentley Instruments Inc., Chaska, MN). The USST measurement and sample collection for SCC were performed at a.m. and p.m. milkings, whereas CMT was performed only at a.m. milking. The quarters with SCC ≤400,000 cells/mL were considered healthy and those with SCC >400,000 cells/mL were considered subclinical mastitic (Sears and McCarthy, 2003) . Because of variation in defining subclinical mastitis based on SCC cut-off (De Vliegher et al., 2001; Chagunda et al., 2006) , evaluations (healthy vs. subclinical mastitic) were also made based on considering 200,000 cells/mL as cut-off.
Statistics
The SCC and USST data obtained at a.m. and p.m. milkings were averaged before statistical analyses and then subjected to the PROC UNIVARIATE to assess linearity (SAS, 1999) . The PROC MEANS was computed to obtain their descriptive statistics by the CMT score. Differences in mastitis indicators by the quarter location and CMT score were determined using PROC MIXED with the PDIFF option. Interrelationships among mastitis indicators were attained using PROC CORR, REG, and NLIN. The receiver operating characteristics (ROC) curves for IRT and CMT were established to compare their sensitivity (ability to detect subclinical mastitis), specificity (ability to avoid misclassifying healthy quarters as subclinical mastitic), positive likelihood ratio (low specificity or how much the odds of the disease increase when a test is positive), negative likelihood ratio (low sensitivity or how much the odds of the disease decrease when a test is negative), positive predictive value (the probability that a subclinical mastitic cow with a positive test result really does have the condition for which the test was conducted), and negative predictive value (the probability that a subclinical mastitic cow with a negative test result really is free of the condition for which the test was conducted) for detecting subclinical mastitis as attained by SCC (MedCalc version 9.6.2.0, MedCalc Software, Mariakerke, Belgium). Statistical significance was declared at P < 0.05.
RESULTS
Interrelationships Among Mastitis Indicators
There were no differences in mastitis indicators among the left front (n = 59), left rear (n = 55), right front (n = 58), and right rear (n = 57) quarters; the mean values (±SE) were 12.53 ± 0.36 for ln(SCC) (P < 0.39) and 34.82 ± 0.19 for USST (P < 0.52) and the median CMT score was +2. The mean SCC values (× 10 3 cells/mL) were 65, 430, 1,236, and 3,650 and the mean USST values (°C) were 33.23, 34.64, 35.73, and 36 .27 for quarters with the CMT score of negative (n = 75), +1 (n = 33), +2 (n = 84), and +3 (n = 37), respectively. The descriptive statistics of mastitis indicators by the CMT score are presented in Table 1 .
All mastitis indicators were interrelated. The USST was positively correlated with SCC (r = 0.73) and the CMT score (r = 0.86; P < 0.0001). There was an exponential increase in SCC as the CMT score increased (SCC, × 10 3 cells/mL = 22.35 × e 1.31 × CMT score ; R 2 = 0.98; P < 0.0001). This relationship was, expectedly, linear after natural log-transformation of SCC [ln(SCC) = 1.31 × CMT score + 10.02; R 2 = 0.98; P < 0.0001]. As the CMT score increased, USST linearly increased (USST, °C = 33.45 + 1.08 × CMT score; R 2 = 0.75; P < 0.0001). The relationship between USST and SCC was fitted best to a logarithmic equation [USST, °C = 32.12 + 0.49 × ln(SCC, × 10 3 cells/mL); R 2 = 0.73; P < 0.0001; Figure 1 ].
Feasibility of Infrared Thermography in Detection of Subclinical Mastitis
The USST (mean ± SE) was 33.45 ± 0.09 and 35.80 ± 0.08°C for healthy (SCC ≤400,000 cells/mL; n = 94) and subclinical mastitic (SCC >400,000 cells/mL; n = 135) quarters (P < 0.0001). The sensitivity, specificity, positive likelihood ratio, negative likelihood ratio, positive predictive value, and negative predictive value were, respectively, 95.6, 93.6, 14.97, 0.05, 95.0 and 93.6 for IRT and 88.9, 98.9, 83.56, 0.11, 99 .2, and 86.1 for CMT when subclinical mastitis was defined according to SCC (SCC ≤400,000 cells/mL being healthy vs. SCC >400,000 cells/mL being subclinical mastitic; Table 2 ). The area under the ROC curve for USST (0.985) and CMT (0.983) was not different (z-value of 0.19; P < 0.85; Figure 2) .
The predictive ability of IRT depending on various SCC categorizations is summarized in Figure 3 ).
DISCUSSION
Early detection of mastitis is important for effective and successful treatment to reduce economical and biological losses associated with mastitis (Sargeant et al., 1998) . Numerous biomarkers and tests-at-farm for detecting subclinical mastitis are available. However, none of them is perfect and fully accurate. In this study, IRT was proposed as a rapid and noninvasive technique for early detection of subclinical mastitis. Three biosystems participate in the development of mastitis: the host (i.e., breed, parity, and production level), cause (i.e., pathogen, chemical, and trauma), and environment (i.e., season and management) and their interactions. Certain number of cells is tissue origin known as glandular cells, protective cells, or polymorph nuclear leukocytes. Leukocytes in milk upon microbial penetration are directly related to the degree of inflammation (Viguier et al., 2009 ). Clinical mastitis is recognized by abnormal milk (SCC over 500,000 cells/mL and rheological deterioration) and gland swelling and hypersensitivity (McDougall, 1999) . Subclinical mastitis, however, is characterized by apparently normal milk, with an increase in SCC (up to 400,000 cells/mL) because of the influx of leukocytes (Sears and McCarthy, 2003) . Somatic cell count is considered the best indicator of inflammatory response because it is associated with milk yield loss and alteration in milk properties, starting from 50,000 cells/mL . However, increased SCC may not necessarily be a sign of clinical mastitis (Table 1; Figure 1 ). In reality, true udder health status must be based on only the presence of microbial pathogens . Intramammary infection upon microbiological culturing are associated with increased SCC and CMT score (McDermott et al., 1982; Sargeant et al., 2001) .
The ROC curves are employed to determine the usefulness of direct and indirect measurements or tests for screening diseases. As seen in Table 2 , at increased threshold levels, sensitivity increased and specificity decreased (McDermott et al., 1982; Werven et al., 2005) . The sensitivity and specificity of CMT were 84.1 and 97.5%, respectively, when mammary gland status was assessed by milk culture and 61.22 and 79.6%, respectively, when mammary gland status was assessed by SCC (Gharagozloo et al., 2003) . Wahba et al. (2005) reported that the sensitivity of Whiteside Test, CMT, and SCC was 86.1, 64.6, and 74.7%, respectively, and their agreements with major pathogen isolation were 80, 60, and 72.9%, respectively. Somatic cell count can be high despite lacking IMI or low despite presence of IMI. An SCC threshold of 100,000 cells/mL for quarter samples was reported to have the maximal sensitivity and specificity for detecting IMI (Sargeant et al., 2001) ; the sensitivities for detecting IMI with any pathogen, IMI with a major pathogen, and IMI with a minor pathogen were 56.7, 66.7, and 49.5, respectively. Djabri et al. (2002) reported that at an SCC threshold of 265,000 cells/mL the sensitivity and specificity were 71 and 76%, respectively, when minor and major pathogens were considered, whereas at an SCC threshold of 420,000 cells/mL the sensitivity and specificity were 83 and 84%, respectively, when only major pathogens were considered. In another experiment, the sensitivity and specificity to detect positive bacteriological culture were reported to be 74.4 and 58.1%, respectively, for SCC (cut-off value of 250,000 cells/mL) and 46.3 and 81.9%, respectively, for CMT (cut-off value of +2; Werven et al., 2005) . In this experiment, microbiological culturing was not performed; instead, SCC was used to define subclinical mastitis and the reliability of IRT was compared with CMT to detect subclinical mastitis. Similar to our data (Table 1 ; Figures 1 and 2) , the existence of high correlations among test results and measures is well documented (Brito et al., 1997; Gharagozloo et al., 2003; Wahba et al., 2005; Roesch et al., 2007; Colak et al., 2008) . However, other than culture test, currently practiced indicators (SCC and CMT) are subjective (Sen et al., 1996; Ferraro et al., 1999) and their cutoffs to differentiate healthy versus subclinical mastitic quarters vary by country and scientific document (De Vliegher et al., 2001; Redetzky et al., 2005; Chagunda et al., 2006) . Thermal conditions in tissues and organs are influenced by fluctuations in the amount and rate of blood supply, which permit the observation of activities within regions of interest (Purohit and McCoy, 1980; Hurnik et al., 1984; Schaefer et al., 2000) . Function loss, redness, pain, swelling, and hyperthermia are major signs in the early stage of clinical inflammations (Cheville, 1999) and skin surface temperature reflects the underlying circulation and tissue metabolism . For example, Schaefer et al. (2007) was able to detect bovine respiratory disease 4 to 6 d before onset of clinical symptoms using IRT with 80, 65, and 71% of the positive and negative predictive values and test efficiency, respectively, compared with 70, 45, and 55%, respectively, via clinical scoring in weaned calves. Hurnik et al. (1984) showed that IRT was able to detect 4 out of 6 mastitis cases and detection ability was superior in severe systemic infections. Moreover, monitoring mastitis revealed that temperature started to increase 3 d before clinical signs (Hurnik et al., 1984) . Scott et al. (2000) also demonstrated that endotoxin infusion into the udder to induce an inflammatory response similar to mastitis led a detectable temperature increase (+2.3°C) in udder skin measured by IRT. Because early diagnosis is crucial for success of the mastitis treatment, determination of USST using IRT may have considerable diagnostic merit. To our knowledge, however, few IRT data are available to compare its reliability with other tests in early detection of subclinical mastitis in cows.
Although the physiological threshold of SCC (100,000 cells/mL) is determined , SCC threshold for defining subclinical mastitis is variable. Quarters with an SCC below and above 100,000 cells/ mL were reported to have USST of 33.6 and 34.1°C, respectively (Barth, 2000) . In contrast, Janeczek et al. (1999) in cows and Militaru et al. (2005) in dogs reported no differences in temperatures of healthy and infected or cancerous mammary glands. In humans, however, temperature increases (+3°C) because of tumors (Potter et al., 1997) as well as exact definition of their topography and distribution for irradiation (Gabuniia et al., 1980) were achieved by IRT. In the present study (Table 2) , subclinical mastitic quarters (SCC >400,000 cells/mL) had a 2.35°C greater skin surface temperature than healthy quarters (SCC ≤400,000 cells/mL). In a recent study by Hovinen et al. (2008) , it was shown that IRT was capable of detecting 1 to 1.5°C change on USST associated with clinical mastitis induced by lipopolysaccharide.
Despite proven ability to detect temperature increase by IRT (Barth, 2000; Hovinen et al., 2008) , studies on its diagnostic reliability for clinical or subclinical mastitis in cows are lacking. Infrared thermography is also an indirect measure, but it has relatively greater sensitivity, specificity, and positive and negative predictive values (Table 2; Figure 2 ) than other subjective tests or measures reported in the literature (Jensen and Knudsen, 1991; Woolford et al., 1998; Bansal et al., 2005; Chagunda et al., 2006) . Some reports dealing with the sensitivity and specificity of IRT in human breast diseases are available. Yokoe et al. (1990) reported that the sensitivity and specificity of IRT for testing breast cancer in women were 81.5 and 83.5%, respectively. 
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Figure 2. The sensitivity and specificity of the udder skin surface temperature (USST) determined by infrared thermography (IRT) and the California Mastitis Test (CMT) score when quarters were categorized as healthy (SCC ≤400,000 cells/mL, n = 94) versus subclinical mastitic (SCC >400,000 cells/mL, n = 135). The sensitivity, specificity, positive likelihood ratio, negative likelihood ratio, positive predictive value, and negative predictive value were 95.6, 93.6, 14.97, 0.05, 95.0, and 93.6, respectively, for IRT and 88.9, 98.9, 83.56, 0.11, 99 .2, and 86.1, respectively, for CMT. The area under the receiver operating characteristics curve for IRT and CMT was 0.985 and 0.983 (z-value = 0.19, P < 0.85). The sensitivity and specificity of the udder skin surface temperature determined by infrared thermography when quarters were categorized as healthy (SCC ≤200,000 cells/mL, n = 56) versus subclinical mastitic (SCC >200,000 cells/mL, n = 173). Broken lines indicate 95% confidence interval. The sensitivity, specificity, positive likelihood ratio, negative likelihood ratio, positive predictive value, and negative predictive value were 83.47 (75.6-89.6), 100 (93.6-100), not determined, 0.17 (not determined), 100 (96.4-100), and 73.7 (62.2-83.2), respectively, at cut-off of 34.7°C. Values in parentheses are 95% confidence interval.
The diagnostic sensitivity of IRT was reported to be 97.1% in 209 women with mastitis, with low specificity (Gurtovoi et al., 1990) .
CONCLUSIONS
In conclusion, because of no microbiological culturing data, mammary gland status was based on SCC (at cut-off of 400,000 cells/mL). Subclinical mastitic quarters had a 2.35°C greater skin surface temperature than healthy quarters. The ROC curve revealed that sensitivity and specificity of IRT (95.6 and 93.6%, respectively) were not different from those for CMT (88.9 and 98.9%, respectively), a routinely used subjective measure in dairy operations. In addition to being a noninvasive and quick tool, IRT was sensitive enough to detect thermal changes on udder skin caused by subclinical mastitis. It may help veterinarians and herdsmen in early detection of subclinical mastitis, and consequently help execution of immediate and effective treatment. However, further studies should investigate the reliability of IRT among cows with different characteristics such as parity, milk production, time relative to feeding, and milking and cows under various environmental conditions such as air temperature, velocity, and humidity, which were not taken into account in this experiment. Further studies should also determine the sensitivity and specificity of IRT in subclinical mastitic quarters ascertained by microbiological evaluation.
